Poliovirus particle RNA has been considered to have little secondary structure. Specific binding of poliovirion RNA by antibodies against double-stranded RNA (dsRNA) has been confirmed and further characterized by a radioimmunoassay using Staphylococcus aureus protein A to precipitate the nucleic acid-antibody complex. Competitive binding studies between virion single-stranded RNA (ssRNA) and poly(I).poly(C) demonstrated that the dsRNA effectively inhibited binding of radiolabelled poliovirion RNA by the anti-dsRNA antibodies but the virion RNA was a poor competitor of radiolabelled dsRNA. This indicates that both RNAs reacted with the same species of antibodies in the sera, but avidity of the antibodies for dsRNA was greater than for the poliovirion RNA.
INTRODUCTION
In order to develop techniques for the isolation of early replicating picornavirus RNA, we studied the reactions of antisera raised against dsRNA with the several forms of poliovirus RNA. Our initial studies (Miller et al. I975) , demonstrated reaction of the antisera with phenol-extracted poliovirus replicative form (RF) and replicative intermediate (RI) . In addition, we found a lesser hut consistent reaction of the antisera with ssRNA purified from poliovirions. It was uncertain whether antibodies in the sera were recognizing features of secondary structure in the ssRNA or whether subsets of antibodies in the antisera reacted with other determinants on the ssRNA molecules. The evaluation of this reaction between poliovirus ssRNA and the anti-dsRNA sera was continued, confirming the specificity of the reaction of ssRNA with anti-dsRNA sera by a radioimmunoassay other than the glass fibre filter technique previously used. It was also demonstrated that dsRNA competes with ssRNA in this reaction, indicating that the same antibodies in the sera react with both species of RNA. A preliminary report of this work was presented at the i978 meeting of the American Society for Microbiology.
METHODS
Cells and virus preparation. The procedures for culturing of S-3 HeLa spinner cells and the growth of poliovirus type II (strain p712-ch-zab) in these cells were described previously (Caliguiri & Tamm, I968, 197o; Miller et al. I975) . Foetal calf serum was used throughout rather than the previously used calf serum and special calf serum (non-inhibitory to enteroviruses). Preparation and purification of poliovirions labelled with ~H-uridine was as previously described (Miller et al. I975) .
Preparation ofpoliovirus ssRNA. Following a second isopycnic centrifugation of CsC1, the virions were dialysed overnight against TEN buffer (o.oI M-tris-hydrochloride; o.i Moo22-1317/79/oooo-3736 $02.oo © I979 SGM J.R. MILLER NaCI; o.ool M-EDTA, pH 7"4). The virions were then extracted twice at room temperature with phenol saturated with TEN. Sodium acetate was added to the aqueous phase to a final concentration of o'2 M and the RNA was precipitated at -2o °C by addition of 2. 5 vol. of ethanol. The precipitate was centrifuged, washed briefly with cold 7 ° ~ ethanol-TEN buffer and re-centrifuged. RNA was purified in two ways: (i) The precipitate was taken up in TEN buffer and passed through a Sepharose 4B column (0"9 × 9 cm). The void vol. as detected by u.v. absorption at 254 nm was re-precipitated with ethanol and the RNA taken up in an appropriate vol. of sterile distilled H20. The quantity of RNA and freedom from protein contamination were estimated by measurement of absorbance at 260 nm and 28o rim; 260:280 ratios were invariably greater than two. (ii) Other preparations of RNA were placed on 15 to 3 ° o~ (w/v) sucrose O'Ol M-tris; 0"0I M-EDTA; o'I M-LiC1; o'20~ SDS gradients and centrifuged at 20"5 x 1o 3 rev/min and 2o °C for 16"5 h in a Beckman SW 4 t rotor. The fractions containing the peak of u.v. absorbing material at 35S were precipitated with ethanol and the RNA was taken up in sterile distilled water after centrifugation. A sample of the purified ssRNA was analysed on slab gels of I ~ agarose, I.t25 ~o acrylamide (Caliguiri & Tamm, 197o ) either by staining with ethidium bromide or the fluorographic autoradiography technique with radioactively labelled RNA (Laskey & Mills, 1975) . The characteristics of the reaction with anti-dsRNA sera were the same for the RNA prepared by either column or sucrose gradient.
Preparation ofantisera. Antisera were prepared by inoculating rabbits with the dsRNA, poly(l).poly(C), as previously described (Miller et al. 1975) . The procedure was varied slightly in that the antiserum was passed through a Sephadex G-2oo column (I-6 cm x 9o cm) instead of a G-too column. The fractions containing IgG and demonstrating antibody activity were pooled and stored at -2o °C.
Radioimmunoassays. The assay of antigen-antibody complexes on glass fibre filters has been described elsewhere (Miller et al. 1975) . For the assay using Staphylococcus aureus protein A as a precipitant of the immune complex, labelled antigen and sera were added to PB buffer (o.o2 M-sodium phosphate, o'I5 M-NaCI, pH 7.2) in a final vol. of I ml in a Brinkman polypropylene microcentrifuge tube. The tubes were incubated at 37 °C for 2 h. o/ solution of heat-killed, formalin-fixed S. aureus of a protein Four hundred /d of a I /o A-producing strain were then added. The tubes were incubated for 3o min at 4 °C and centrifuged for lo min in a Brinkman microcentrifuge. The pellet was washed with PB and then re-centrifuged. Following removal of the wash, the pellet was overlaid with o'3 ml Protosol and incubated overnight at room temperature. The tip of the tube containing the Protosol and pellet was then cut off and placed in a scintillation vial; Liquiflor-toluene was added and the vials were counted in a Packard Tricarb scintillation counter. The amount of RNA available for binding was determined by placing the labelled RNA in duplicate microcentrifuge tubes that had been processed up to the addition of Protosol without any antigen.
Chemical and reagents. Heat-inactivated foetal calf serum and Tylosine tartrate were obtained from Grand Island Biological Co., Grand Island, N.Y., U.S.A. Actinomycin D was obtained from Sigma Chemical Co., St. Louis, Mo., U.S.A. 5-3H-uridine (2o to 3o Ci/ mmol) and RNase-free sucrose were purchased from Schwarz-Mann, Orangeburg, N.Y., U.S.A. Sephadex G-2oo and Sepharose 4 B were obtained from Pharmacia Fine Chemicals, Piscataway, N.J., U.S.A. Poly(I).poly(C) was purchased from P-L Biochemicals Inc., Milwaukee, Wis., U.S.A. 3H-labelled poly(I), poly(C) was obtained from Miles Laboratories Kankakee, Ill., U.S.A. Protosol and Liquifluor were purchased from New England Nuclear, Boston, Mass., U.S.A. Methylated bovine serum albumin was obtained from Nutritional Biochemicals Co., Cleveland, Ohio., U.S.A. The S. aureus prepared as described by Kessler 0975) was the generous gift of Mr Richard Katz (Department of Microbiology). 
RESULTS

Preparation of antisera
Previously, antisera were prepared by passage through a Sephadex G-Ioo column to remove nucleases from the fractions containing antibody (Miller et aL I975) , but this procedure did not clearly separate IgM and IgG. Since both these immunoglobulin species have antibody activity against dsRNA (Stollar, I973), we had to separate the IgM and IgG fractions for the current studies as the Staphylococcus protein A binds only with IgG. The Sephadex G-2oo separated the immunoglobulin classes. IgG-containing fractions were found to be relatively free of nuclease activity as incubation, under assay conditions, with ZH-labelled ssRNA demonstrated greater than 9o % recovery of label by precipitation with IO % trichloroacetic acid.
Characteristics of the antibody-protein A radioimmunoassay
The reaction of antiserum against poly(I).poly(C) with all-labelled poly(I).poly(C) in the radioimmunoassay using Staphylococcus protein A is shown in Fig. t (a) . In this experiment, maximum binding of 85 % occurred at a serum dilution of 1:25oo and 5o% of the antigen was bound at a serum dilution of 1 : 5000. In experiments with antiserum from other animals, similar maximum binding percentages were obtained at approximately the same titres of antiserum. Backgrounds were invariably less than 5 % and normal serum prepared in the same manner as the antiserum did not bind antigen above background level. Similar results were also obtained when 3H-labelled poliovirus dsRNA (RF) was used as the antigen (data not shown). Unlike the glass fibre filter assay (Miller et al. I975) , binding of antigen was constant at high antiserum concentrations.
Reaction of poliovirus ssRNA in the antibody-protein A radioimmunoassay
The reaction of ZH-uridine labelled poliovirus ssRNA with the same antiserum is shown in Fig. I(b) . Peak binding of 29 % was obtained between serum dilutions of 1:312 and I:I15O. Similar results were obtained in multiple determinations and with antisera from other rabbits. Background was again less than 5 % and binding with normal serum did not exceed the background levels. It was necessary, however, to add EDTA to a final concentration of o.I mM in the reaction mixture to obtain these results. If EDTA was not added, there was significant binding of the ssRNA to the Staphylococcus. If greater amounts of EDTA were used, the antigenantibody reaction was inhibited. In concentrations of I mM or less, EDTA had no effect on the binding of dsRNA to antibody or Staphylococcus.
Competitive binding studies
Competitive binding assays were done to determine whether the ssRNA and dsRNA were reacting with the same antibodies, or if there was a subset of antibodies with specificity for ssRNA. Unlabelled poly(I), poly(C) was reacted with ~H-uridine-labelled poliovirus ssRNA and antiserum. The serum dilution used was i: I25O, the highest serum dilution that maximally bound the ssRNA. Inhibition of binding of the labelled ssRNA was 5o ~ at 3I ng of the dsRNA added (Fig. 2a) , indicating that the dsRNA successfully and efficiently competed for the antibody with ssRNA.
In the reverse situation, unlabelled poliovirion ssRNA was used to compete with ZHlabelled poly(I), poly(C) (Fig. 2b) . Dilution of the antiserum was I : 5ooo which gave approx. 50% binding of the labelled poly(I).poly(C). In a 2o-fold excess of the single-stranded poliovirus RNA, there was no inhibition of the antigen-antibody reaction. Addition of homologous unlabelled RNA instead of the heterologous RNA in both the ssRNA and dsRNA assays resulted in a linear semi-exponential curve of inhibition. A 5o % reduction in binding of labelled RNA occurred when an equal amount of unlabelled homologous RNA was present.
The results of these competitive binding assays demonstrated that the antibodies that reacted with poliovirus ssRNA were the same as those that react with dsRNA, but the avidity of the antibodies for dsRNA was much greater. Fig, 3 . Effect of magnesium concentration on the binding of poliovirion RNA by anti-dsRNA serum; the amount of aH-ssRNA was the same as in Fig, I (a). The serum dilution was 1:625. The points represent the mean and standard deviation of four experiments with duplicate samples (n = 8).
Effects of changes of cation concentration on the reaction
The concentration of the divalent cation magnesium was varied to determine if the binding of the poliovirus ssRNA could be altered by ions known to affect the secondary structure of RNA. As the magnesium concentration increased, the percentage of ssRNA binding with the antiserum also increased (Fig. 3) . Magnesium in the absence of antibody was found to have no effect on the background binding of the ssRNA to the Staphylococcus. In antibody excess, magnesium had no effect on the binding of antibodies to dsRNA. In situations of antigen excess, however, adding magnesium actually slightly decreased binding of the dsRNA to antibody (data not shown).
DISCUSSION
Investigation of the reaction of nucleic acids with antisera against dsRNA has been facilitated by use of Staphylococcus protein A to precipitate the antigen-antibody complex. The reaction is more reliable than the glass fibre filter technique previously used and less sensitive to the effects of serum concentration noted in the filter assay (Miller et al. 1975) . The use of Staphylococcus protein A is also more convenient than a second antibody precipitating the antigen-antibody complex, because fine titration of the protein in relation to the primary antibody is not required. When we used a goat anti-rabbit immune globulin antibody as a second antibody, however, the results were comparable (unpublished observations).
The studies with 3H-labeUed poliovirion RNA demonstrated that antisera raised against dsRNA react with this ssRNA. The competitive binding assays demonstrated that at least some of the antibody species in these sera reacted with both ssRNA and dsRNA. Inability of excess unlabelled ssRNA to compete with the dsRNA, however, suggests that the avidity of these antibodies is much greater for the dsRNA.
The major determinant for binding of anti-dsRNA antibodies is the double helical ribose backbone of the double-stranded molecule (Lacour et al. t973 ; Johnston et al. 1975 ; Stollar, I975) . Reactions of these antibodies with naturally-occurring cellular ssRNA (i.e. rRNA and tRNA) has been attributed to their secondary structure (Lacour et al. 1973) . Since the same antibodies in the present study reacted with both the dsRNA and the poliovirus ssRNA, the antibodies seem to have recognized a similar structure in the poliovirus ssRNA.
The preference for the dsRNA found in the competitive binding studies may have been only a reflection of a greater number of double helical sites per molecule on the dsRNA than on the poliovirus particle RNA. It is unlikely that base preference for poly(I).poly(C) played a significant role in this competitive reaction ; similar results were obtained when the labelled antigen was poliovirus replicative form (unpublished observation).
Recently, there have been reports of secondary structure in a variety of ssRNAs, demonstrated by sensitivity to RNase III (Robertson & Dunn, I975) , resistance to RNase A and TI (Calvet & Pederson, 1977) , or the presence of defined loops on electron microscopy (Wellauer & Dawid, 1973) . The significance of these structures may be related to processing of mRNAs or the binding of RNAs to proteins.
The newly recognized frequency of such sites, while of great interest in terms of their function, made it difficult to obtain an ssRNA that would not react to the antibodies against dsRNA and serve as a control in our studies. Examination of a variety of ssRNAs of comparable mol. wt. demonstrated reactivity similar to that found with poliovirus ssRNA. The single-stranded homopolymer, poly(A) which is not thought to have secondary structure (Lacour et aL I973) , however, did not react with the antisera against dsRNA (unpublished data).
Most investigations of picornavirion RNA have suggested that secondary structure is limited. Studies with single-stranded specific ribonuclease A and T 1 showed complete degradation of the poliovirus RNA except for the poly(A) segment at the 3' end of the molecule. Po|iovirus RNA is also resistant to ribonuclease III except under low salt conditions (Dunn, I976) , in which the specificity of the enzyme for double strandedness or primary recognition sites does not pertain (see below).
Studies of encephalomyocarditis RNA by hyperchromicity shifts of u.v. absorption during heating have suggested, however, that a proportion of the nucleotides may be involved in base-pairing (Frisby et al. I977) . The sharpness of the melting points and the characteristics of reassociation upon cooling suggested that the structure involved hairpin loops, rather than binding between distant sites on the molecule. Similar results were also obtained in a study of Mengovirus (Scraba et al. I97o) and can probably be assumed for poliovirus. The functional significance of these double-stranded regions in picornaviruses remains to be determined.
If such hairpin loops were small, they would not be cleaved by ribonuclease III based solely upon the ds structure. Robertson & Dunn (I975) demonstrated that this enzyme degrades double-stranded molecules only when the size was greater than zo base pairs. Cleavage of RNAs with less than 2o base pairs under high salt conditions apparently requires other structural features and perhaps one or more specific sequences (Robertson, I977; Robertson et al. I977) .
Hairpin loops of less than zo base pairs, however, would be expected to react with antibodies specific for dsRNA polymers. Estimates of antibody-antigen ratios have indicated that no more than Iz to zo base pairs are required for binding of the antibody molecule (Stollar, I975; Raso & Schreiber, 1978) . The actual binding site may be smaller than this, as these figures represent the maximum number of antibody molecules per antigen molecule. Steric effects might limit the total binding of the antibody molecules leaving some bindingsites unoccupied. Supporting this possibility is the finding that FAB fragments with specificity for dsRNA bind to a site no more than five base pairs in length (Guigues & Leng, I976) . It is therefore possible that antibodies with specificity for dsRNA might bind to short hairpin loops that would not be attacked by ribonuclease III under high salt conditions.
The antibodies raised against dsRNA may have further use in localizing secondary structure in ssRNA molecules. One such methodology might be examination of nucleic This work was supported in part by the Amyotrophic Lateral Sclerosis Society of America.
